Abstract Brainstem encephalitis (BE) is an uncommon condition. We sought to characterize clinical presentations, etiologies, response to treatment, and predictors of outcome. We performed a retrospective review of non-HIV infected patients diagnosed with BE at Johns Hopkins Hospital (January 1997-April 2010). We characterized clinical and paraclinical features, and used regression models to assess associations with poor outcome. BE was diagnosed in 81 patients. An etiology was identified in 58 of 81 (71.6 %) of cases, most of which were confirmed or probable inflammatory/autoimmune conditions. Of the remaining 23 cases in which a specific diagnosis remained undefined, clinical presentation, CSF, neuroimaging studies, and outcomes were similar to the inflammatory/autoimmune group. Brain biopsy identified a specific diagnosis in 7 of 14 patients (50 %). Fifteen patients (18.5 %) either died or had a poor outcome. In multivariate logistic regression models, a higher CSF protein (per 5 mg/dl, OR = 1.11, 95 % CI: 1.03-1.20), a higher CSF glucose (per 5 mg/dl, OR = 1.36, 95 % CI: 1.09-1.70), and higher serum glucose (per 5 mg/dl, OR = 1.27, 95 % CI: 1.06-1.52) were independently associated with increased odds of poor outcome. Inflammatory and non-infectious conditions accounted for most cases of BE. Higher CSF protein and glucose were independently associated with poor outcome. In immunocompetent patients with BE of undefined etiology despite extensive investigation, a trial of immunosuppressive treatment may be warranted, though deterioration clinically or on magnetic resonance imaging should prompt a brain biopsy.
Introduction
Encephalitis affects 1 in 10,000 individuals yearly, often with devastating neurologic consequences [1] . Challenges in the management of patients with encephalitis include identifying the causative agent and defining prognosis. In several large studies, infectious agents comprise the majority of cases in which a cause is identified. Little, however, is known about the typical etiologies of brainstem encephalitis (BE). Several entities, including Listeria rhombencephalitis, Bickerstaff's brainstem encephalitis, and Ma2-associated paraneoplastic encephalitis, have been described in case reports and series [1] [2] [3] [4] [5] , but the spectrum of causes and outcomes of BE have not been systematically studied. To better characterize etiologies and prognosis of BE and to aid treatment decisions when physicians are confronted with such patients, we performed a retrospective study of patients with BE in our institution.
Methods
We performed a retrospective review of all adult and pediatric patients presenting with encephalitis at the Johns Hopkins Hospital, a tertiary care medical center, between January 1997 and April 2010. We defined encephalitis as altered mental state, personality change or focal neurological deficits, and C2 of the following (a) fever, (b) seizure and/or focal neurologic deficit, (c) CSF pleocytosis, (d) electroencephalography consistent with encephalopathy (focal or generalized slow activities), (e) neuroimaging findings consistent with encephalitis. Exclusion criteria included delirium or encephalopathy secondary to sepsis, toxic or metabolic causes (hypoglycemia, electrolyte disturbances), or primary psychiatric illness. We screened with the following ICD-9 coded diagnoses: encephalopathy, encephalitis, infections of the central nervous system, post-infectious encephalitis and autoimmune encephalitis. Of patients with encephalitis, we then restricted our analysis to those who satisfied our criteria for BE, defined by clinical presentations of predominant brainstem signs (cranial neuropathies and ataxia). Neuroimaging findings of brainstem abnormalities during the admission were also required unless the clinical syndrome was unequivocally localized to the brainstem. Patients with neoplasm, an established diagnosis of multiple sclerosis, or predominantly cerebral lesions on magnetic resonance imaging (MRI) were excluded.
The study was approved by the Johns Hopkins University Institutional Review Board.
We collected demographic and clinical characteristics at presentation and throughout the hospitalization, including presenting symptoms, the initial CSF examination, MRI findings, brain biopsy if performed, diagnosis, treatment and outcome. All patients had HIV testing, Lyme serologies, treponemal testing, brain MRI scans, and CSF examination for cell counts, glucose, protein, gram stain, bacterial cultures, and PCRs for HSV, over 90 % of patients had a serum autoimmune panel (including, but not limited to, ANA, ANCA, anti-dsDNA, anti-Ro/La, anticardiolipin, and antithyroid antibodies), chest imaging, and CSF PCRs for EBV and VZV, 75 % of patients had antiHu and anti-Ma/Ta testing, 50 % of patients had CSF PCRs sent for enterovirus, and fewer than 50 % underwent testing for a full paraneoplastic antibody panel, GQ1b antibodies, or CSF oligoclonal bands. Patient outcome was dichotomized: a good outcome was assigned if patients recovered completely or had mild residual deficit (ambulatory without assistance), and poor outcome was assigned if severe residual deficit (needed assistance with ambulation) or death occurred.
The diagnosis of a demyelinating syndrome in our cohort was based on consensus definitions [6] [7] [8] [9] and, in some cases, evidence of demyelination on brain biopsy. The diagnostic criteria for other conditions are outlined in eTable 1a and b. Only those cases that strictly fit the proposed criteria were assigned diagnoses of either a confirmed or probable etiology.
Statistical analysis
We assessed all potential variables for their associations with outcome in univariate models. Multivariate models included variables we had identified a priori. These variables included age, sex, the presence of [50 CSF white blood cells/mm 3 , the CSF glucose and protein concentrations, and the presence or absence of supratentorial lesions. We also explored whether adding diagnosis (known/ undefined) meaningfully altered the conclusions of the primary multivariate model. All analyses were performed with StataVersion 10.0 (StataCorp LP, College Station, Texas USA).
Results
We identified a total of 415 patients who fit the criteria for encephalitis. Eighty-one of these (19.5 %) patients were diagnosed with BE. The etiologies of BE, summarized in Table 1 , include infectious causes (4 patients), autoimmune/inflammatory causes (54 patients), 
Demographics
The mean age at presentation for the BE cohort overall was 32.5 years (SD 20.5 years, range: 1.5-72 years), and the male: female ratio was 1:1. Only two patients in our cohort were immunocompromised, and both developed infectious BE: one patient on rituximab therapy for lymphoplasmacytic lymphoma developed presumed Listeria BE, while another patient with failed engraftment of bone marrow transplantation for anaplastic large cell lymphoma developed CNS aspergillosis.
Clinical presentation and serologic evaluation Antecedent illness was defined as preceding illness occurring within 7-10 days prior to the onset of brainstem dysfunction. These symptoms, typically consisting of respiratory or gastrointestinal complaints, were reported in 34 of the 81 patients (42 %). Antecedent symptoms were significantly more commonly reported in the inflammatory/ Macrophages were also present (not shown). Scale bar 100 lm. c Neurosarcoidosis left panels (MRI T2 and T1 post gadolinium) demonstrate an enhancing lesion in the right midbrain. Right panels (hematoxylin and eosin) demonstrate several non-caseating granulomas. Acid fast bacilli and silver staining did not demonstrate any organisms (not shown). Scale bar 100 lm autoimmune group (51.9 %), as compared to the undefined group (21.7 %). Common clinical manifestations of BE included ataxia (69.1 %), ocular dysfunction (58 %), bulbar dysfunction (58 %) and limb weakness (58 %) ( Table 2 ). ANA titer was greater than 1:640 in one patient diagnosed with CNS vasculitis, and was detected at lower titers (1:40-1:160) in three patients with demyelinating syndromes and one with undefined cause of encephalitis. Antithyroid antibodies were strongly positive ([1,000 WHO units) in one patient, diagnosed with Hashimoto's encephalopathy. GQ1b IgG was detected at a titer of greater than 1:100 in one patient diagnosed with Bickerstaff's brainstem encephalitis, and anti-Ma antibodies were found in one patient with paraneoplastic brainstem encephalitis. None of the other antibodies tested were positive in our patients.
CSF examination
Sixty-one of 81 patients (75 %) had abnormal CSF examinations, as defined by CSF pleocytosis ([5 WBC/ mm 3 ), elevated protein ([45 mg/dL), or decreased glucose (\50 mg/dL). While CSF pleocytosis was observed in all four patients with infectious BE, it was observed in only two-thirds of patients in the other two groups (Table 2 ).
Neuroimaging
Imaging abnormalities involving the brainstem were evident in most patients (Table 2) . Neither the presence of additional supratentorial lesions nor contrast enhancing lesions discriminated between the inflammatory/autoimmune group and the undefined group. Tissue diagnosis
Fourteen of the 81 patients underwent brain biopsy (see Table 3 ; Fig. 1 ). The underlying pathology was revealed in seven patients, all of whom were diagnosed with inflammatory/autoimmune conditions. These included four patients with demyelination, two patients with neurosarcoidosis and one with CLIPPERS. Seven patients had brain biopsies that did not point to a specific diagnosis; six of these biopsies revealed non-specific inflammatory changes with a lack of evidence of an infectious process. The remaining patient had no apparent abnormalities on biopsy and was subsequently diagnosed with anti-Ma2 paraneoplastic encephalitis. Locations of biopsies included brainstem (n = 7), cerebrum (n = 4), thalamus (n = 1) and cerebellum (n = 1). One of the seven patients who had a brainstem biopsy had mild dysarthria post-operatively that resolved over time, and there was no reported mortality associated with brainstem biopsy.
Management
Antimicrobial therapy was utilized in all patients in the infectious group, and in a minority of individuals with inflammatory/autoimmune or undefined BE (Table 3) . Corticosteroids were used more frequently in the inflammatory/autoimmune group (81.5 %) as compared to the undefined group (56.5 %) and were typically used as firstline treatment. In individuals with inadequate response, second-line immunotherapies including plasmapheresis, intravenous immunoglobulin, cyclophosphamide, mycophenolate mofetil, were used. These therapies were utilized at about the same rate in both the inflammatory/autoimmune and the undefined group. Following brain biopsy, immunotherapy was either initiated or escalated in 9 of the 14 patients, including in four of nine patients whose biopsy revealed non-specific inflammation. Among those with undefined cause, empiric immunotherapy was utilized in those individuals with either lack of spontaneous regression or with progression of clinical and/or radiological disease.
Outcome
Mean follow-up duration was 22.8 ± 32.9 months (range 0.5-144 months). One of the four patients in the infectious group died; of the three patients with presumed Listeria infection, all of whom were treated with antimicrobials, one recovered completely, the second had mild residual deficits, and the third was left with severe deficits. Rates of poor outcome and mortality were similar between the autoimmune/inflammatory and undefined groups (autoimmune/inflammatory group, poor outcome 18.5 %, mortality 5.6 %; undefined group, poor outcome 13 %, mortality 4.3 %).
We excluded the four patients in the infectious group for subsequent analyses on predictors of outcomes. In the multivariate logistic regression models, the odds of poor outcome were 1.1-fold higher for every 5 mg/dl greater CSF protein (per 5 mg/dL, OR = 1.10, 95 % CI:1.02-1.19) and 1.4-fold higher for every 5 mg/dl greater CSF glucose (per 5 mg/dl, OR = 1.36, 95 % CI: 1.09-1.71) ( Table 4) .
To further define the association between CSF glucose and poor outcome, we examined several additional variables, including blood glucose, history of diabetes, and exposure to corticosteroids. CSF glucose remained a predictor of poor outcome when adjusted for recent prior exposure to corticosteroids or concurrent treatment on the 
Discussion
The chief findings from this cross-sectional study include: (a) confirmed or probable inflammatory/autoimmune conditions accounted for the majority of BE cases; (b) higher CSF protein and glucose were independently associated with poor outcome; and (c) brain biopsy can prove useful in the establishment of a specific diagnosis and carries limited risks. To our knowledge, this is one of the largest cohorts examining the diverse etiologies and presentations of BE. Our data reveal that a very high proportion of BE is due to confirmed or probable inflammatory/autoimmune causes, in contrast to cerebral encephalitis in which infections typically account for the majority of established etiologies [1] . Our findings are consistent with the limited available literature of case series or case reports of BE; there are several case series of BE describing specific inflammatory/ immune-mediated processes, while only isolated case reports detailing infections, though this may merely reflect a publication bias [1] [2] [3] [4] [5] . Potential reasons for the high frequency of inflammatory cases in our group include the frequent involvement of the infratentorial compartment in acute inflammatory demyelinating syndromes such as ADEM [10] . Moreover, encephalitis associated with HSV, the most frequently identified agent of infectious encephalitis, typically affects the temporal and cingulate cortices with only rare involvement of the brainstem [11] [12] [13] .
Several findings from our study suggest that the majority of patients with undefined cause of BE are also likely to have an autoimmune etiology. Overall, the clinical characteristics of the undefined group were highly similar to that of the inflammatory/autoimmune group (Table 2 ). In addition, an overwhelming majority of patients without an initial diagnosis who underwent brain biopsy demonstrated evidence of inflammatory changes without identified viral inclusions or microorganisms, including six in the undefined group, suggestive of an immune-mediated process. The one patient who had normal brain biopsy was subsequently found to have an immune-mediated condition. Importantly, among patients treated with immunosuppressive therapies and/or corticosteroids, the proportion that improved in the undefined group (79 %) was similar to that of the inflammatory/autoimmune group (82 %). Thus, the clinical characteristics, histopathological findings of inflammation, and favorable response to immunotherapy strongly suggest that most patients in the undefined group are likely to have inflammatory/autoimmune etiologies. Once infectious etiologies and neoplasm have been excluded, it may be useful to consider immunotherapy for BE patients in whom a specific diagnosis has not been identified. It is important to closely monitor these patients on immunosuppressive therapies, and any deterioration clinically or on neuroimaging should prompt a brain biopsy, to exclude infection or tumor.
Predictors of outcome following BE have not been previously reported. In our study, we found that elevated CSF protein and CSF glucose were associated with a poorer outcome. Elevated CSF protein may reflect a more vigorous inflammatory reaction, potentially resulting in greater cell injury and neurological deficits. We found that elevated CSF glucose was tightly associated with elevated serum glucose, suggesting that poor systemic glycemic control likely drives increased CSF glucose, and that both are predictors of poor outcome in patients with BE. These findings are reminiscent of findings in acute stroke patients, where elevated systemic glucose levels are associated with poor prognosis in diabetic and non-diabetic patients [14] , and may provide rationale for aggressive glucose control in those with BE. More broadly, to our knowledge there has been no study reporting an association of systemic or CSF glucose levels and outcomes in patients with encephalitis. In one study, only elevated CSF IgG index, but not CSF white cell count, CSF/serum glucose ratio or CSF/serum albumin quotient, predicted neurological morbidity in CNS infections, [15] while younger age at presentation, lower Glasgow coma scale, impaired oculocephalic response, and laboratory evidence of CNS viral infection were associated with poor outcome in encephalitis in another study [16] . In a recent study, factors associated with a poor outcome following infectious encephalitis included the presence of comorbid conditions and increasing age [17] .
Brain biopsy was useful in identifying the etiologic agent of BE in our cohort. Notably, even when the results of brain biopsy were inconclusive or demonstrated nonspecific inflammation, such information was helpful as it led to initiation or escalation of immunotherapy in four of the six cases, and continuation of corticosteroid in the other two patients. Overall, management was altered in over half of the cases in which brain biopsy was performed, arguing for the utility of brain biopsy in carefully selected patients with BE. In our series, seven biopsies were performed on the brainstem itself, four of which resulted in a specific diagnosis. In one study that demonstrated the utility of brainstem biopsy in patients with brainstem lesions, 18 of 46 patients had their diagnoses revised following brainstem biopsy as compared to relying on diagnostic value of conventional MRI alone [18] . In addition, image-guided stereotactic biopsy of brainstem lesions has been reported to be as safe as supratentorial biopsy [19] [20] [21] . Only one of our patients who underwent brainstem biopsy developed new post-operative neurologic signs, and the mild dysarthria that ensued eventually resolved completely. Thus, biopsy of the brainstem itself yielded a specific diagnosis in over 50 % of cases and was quite safe in our cohort.
We identified a single case of CLIPPERS amongst the 81 patients with BE in our cohort. The clinical, radiological and pathological features of this syndrome were first described in eight patients, and the term coined in 2010 [22] . The prevalence of CLIPPERS is unknown. Our data suggest that CLIPPERS is an uncommon cause of BE.
Overall outcomes were favorable for patients with BE, similar to reported mortalities of 4.6-12 % in several large studies of encephalitis patients [1, [23] [24] [25] . Thus, encephalitis presenting with predominant brainstem involvement does not appear to result in increased mortality as compared to encephalitis as a whole. The mortality rate of our group was lower than that seen in a recent study of undiagnosed encephalitis patients, where the case fatality rate was 13 % [26] . Thus, although outcomes of BE are variable and can be devastating, the majority of our patients with inflammatory/autoimmune and undefined causes of BE recovered with favorable outcomes.
The proportion of undiagnosed BE cases has not been previously characterized. Despite extensive investigation, a specific etiologic agent was not identified in 30 % of our BE patients. This is comparable to studies of encephalitis in general. In all ten North American studies included in a recent meta-analysis of studies on acute encephalitis, the etiologic agent was not identified in at least 50 % of cases [27] .
Limitations of this study include its retrospective nature. The accuracy of the clinical characteristics is dependent upon accurate documentation in the patients' medical records. As a tertiary referral medical center, our patient population and findings are subject to a referral bias. Although sizeable numbers of patients in the inflammatory/autoimmune and the undefined groups allowed for direct comparison between these groups, data from the infectious group, which included only four patients, should be interpreted with care. Additionally, serological testing for neuromyelitis optica (NMO) antibodies, available only in the last few years, were not performed in many of the patients in the earlier years; thus we may have missed the diagnosis of NMO in this cohort. Also, the overall follow-up time was short, which may bias our results for poor outcome that may improve over time.
In summary, BE has distinct clinical characteristics and etiologies as compared to encephalitis in general. The majority of etiologies in our cohort were of non-infectious, inflammatory causes. Brain biopsy and histopathological diagnosis may play a role in the management of selected patients and can be useful in guiding treatment decisions. CSF protein and glucose may predict those who are at risk for poor outcome. In immunocompetent patients, an empiric trial of steroids and/or other immunosuppressive agents may be warranted when CNS infection and neoplastic/paraneoplastic disorders are excluded; these patients should be followed closely, and clinical or radiologic deterioration should prompt strong consideration of a brain biopsy.
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